Introductory paragraph
The mammalian neocortex is characterised by precise patterns of synaptic connections, which dictate how information flows through cortical circuits. The degree of convergence and divergence of excitatory information results from highly non-random, short-range and long-range glutamatergic synaptic connections [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Previous seminal work has shown that connections across cortical layers can form preferentially between sister neurons born from the same individual progenitor cell 12 . However, cortical neurons also form synaptic connections with many neurons within the same layer [1] [2] [3] [4] [5] [6] and this intralaminar connectivity has been shown to reflect specific patterns of longer-range connectivity [1] [2] [3] [9] [10] .
Given that neurons within the same cortical layer can be derived from a heterogeneous population of embryonic progenitor cells [13] [14] [15] [16] [17] [18] , we examined how defined progenitor pools influence local excitatory synaptic connectivity in mouse primary somatosensory cortex. We find that upper layer neurons derived from a subpopulation of progenitors, called short neural precursors, connect out-of-class, such that they preferentially form intralaminar connections with neurons derived from other types of progenitor. Similar local connectivity rules have been associated with differential long-range connectivity 1 . Indeed, while we find no differences in basic intrinsic or morphological properties, optogenetic circuit mapping reveals that progenitor pool predicts the long-range thalamic input a neuron receives, as well as a neuron's output to deeper layers of cortex. Neurons derived from short neural precursors receive more input from a higher-order thalamic nucleus and provide stronger output to layer 5a, which is associated with cortico-cortical projections. In contrast, adjacent neurons derived from other progenitors receive more input from a first-order thalamic nucleus and provide stronger output to layer 5b, which is associated with subcortical projections. These data suggest that the emergence of progenitor pools has enabled the cortex to generate distinct local and long-range subnetworks for the differential routing of excitatory information.
Main text
To investigate the relationship between progenitor pool and excitatory cortical connectivity, we pulselabelled two distinct populations of dividing progenitor cells at gestation age E14.5 in C57/BL6 mouse embryos, which corresponds to the time when the upper cortical layers are generated. We made use of the fact that the tubulin alpha1 (Tα1) gene is expressed by a pool of progenitors in the ventricular zone (VZ), which have been referred to as Short Neural Precursors (SNPs; also referred to as apical intermediate progenitors) [15] [16] [17] [18] [19] [20] . Previous work has shown that SNPs reside within the VZ and give rise to significant numbers of upper layer cortical neurons. This progenitor population has been distinguished from other progenitors (OPs), which can include radial glial cells in the VZ, and outer radial glia and basal intermediate progenitor cells in the subventricular zone (SVZ) [13] [14] [15] [16] [17] [18] .
We labelled Tα1 + and Tα1 -progenitor populations using in utero electroporation (IUE) of a CβA-FLEx reporter construct and a Tα1-Cre construct, in which the gene for Cre is under the control of the Tα1 promoter 20, 23 . The CβA-FLEx reporter constitutively expresses TdTomato, but after Cre-mediated recombination, switches to permanently drive the expression of GFP in the progenitor cell and neurons derived from that progenitor (Fig. 1a) . The IUE was targeted to label the region of the VZ that gives rise to glutamatergic neurons in primary somatosensory cortex. When the embryonic tissue was examined 24 h after electroporation, we confirmed that the combination of plasmids allowed us to reveal both and trains of (bottom), presynaptic action potentials. i, SNP-derived L2/3 pyramidal neurons exhibit a higher probability of connecting with neighbouring L2/3 pyramidal neurons that are OP-derived, rather than SNP-derived. This represents an 'out-of-class' bias in synaptic output, which is not exhibited by OP-derived L2/3 pyramidal neurons. j, SNP-derived L4 spiny stellate neurons also show an intralaminar out-of-class connectivity bias, as these neurons exhibit a lower probability of connecting to neighbouring L4 spiny stellate neurons that are SNP-derived, rather than OP-derived.
When animals undergoing the IUE labelling strategy were allowed to survive to postnatal ages (3) (4) weeks postnatal), many fluorescently labelled neurons (mean of 100.9 +/-11. Fig. 2 ). The efficacy of our labelling method was also supported by control experiments, which revealed that the recombination process occurred early and accurately reflected the promoter driving Cre expression (Extended Data Fig. 3 ).
The labelling of L2/3 and L4 cortical neurons that were SNP-derived or OP-derived, enabled us to investigate whether features of the cortical circuit are related to progenitor pool. To determine whether a neuron's progenitor type of origin is associated with its local intralaminar connectivity, we performed targeted quadruple whole-cell patch-clamp recordings (soma all within 200 μm) and assessed synaptic connectivity between SNP-derived, OP-derived or unlabelled neurons (Fig. 1g) . We assessed connectivity by generating action potentials in each neuron and recording the postsynaptic membrane potential of the other neurons (Fig. 1h) . In L2/3, we studied 562 potential connections, of which 60 were found to be monosynaptically connected (delay 1.79 +/-0.15 ms), indicating an average L2/3 pyramidal neuron connectivity of 10.7% 4, 6 . However, when analysing the data according to progenitor pool of origin, we found that SNP-derived neurons were significantly more likely to synapse onto OP-derived neurons than to other SNP-derived neurons, at a ratio of 23.3% to 6.8% (p = 0.003, Fisher's exact test; Fig. 1i ). In contrast, OP-derived neurons were no more likely to connect to SNP-derived neurons than to other OP-derived neurons (OP to SNP: 7.5% and OP to OP: 9.3%, p = 0.78, Fisher's exact test; Fig.   1i ). This relationship between progenitor source and intralaminar connectivity could be captured as an 'out-of-class' connectivity bias, where a value of 0.50 indicates no bias to connect to L2/3 neurons derived from a particular progenitor pool. Whilst the out-of-class connectivity bias was 0.56 for OPderived neurons, the corresponding value for SNP-derived neurons was 0.77 (Fig. 1i) .
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To establish whether there is a general association between these progenitor populations and local intralaminar connectivity, we repeated the experiment by performing quadruple recordings from fluorescently-labelled spiny stellate neurons in L4. Here, the average level of monosynaptic connectivity was 11.8% (51 out of 434 potential connections; delay 1.47+/-0.11 ms) and we again found a similar bias in connectivity that reflected the progenitor of origin. SNP-derived neurons were significantly more likely to synapse onto OP-derived neurons than to other SNP-derived neurons, at a ratio of 12.2% to 3.1% (p = 0.03, Fisher's exact test; Fig. 1j) . The out-of-class connectivity bias was 0.50 for OP-derived neurons, the corresponding value for SNP-derived neurons was 0.80 (Fig. 1j) . These differences in connectivity
were not associated with differences in the properties of the synaptic connections (Extended Table 1) or somatic location (Extended Data Fig. 4 ).
Whereas connectivity was dependent on progenitor of origin, we found that the two progenitor pools generated neurons in L2/3 and in L4 that were electrically and morphologically indistinguishable ( Fig.   2 ). According to a variety of measures of intrinsic excitability, including resting membrane potential, spike threshold and spiking pattern to injected currents, L2/3 pyramidal neurons derived from SNPs and OPs were indistinguishable, as were L4 spiny stellate neurons derived from SNPs and OPs ( Fig. 2a and Extended Data Table 2 ). SNP-derived, OP-derived and unlabelled neurons exhibited comparable dendritic lengths, dendritic complexity and dendritic polarity, both for L2/3 pyramidal neurons and L4 spiny stellate neurons (Fig. 2b, c) . Thus, the different intralaminar connectivity observed between neurons derived from different progenitor pools appears to be independent of the general electrical and morphological properties of the neurons.
Differences in intralaminar connectivity between cortical neurons has been associated with differences in longer range connectivity, such as connectivity to neurons in other cortical layers, or to targets outside of cortex [1] [2] [3] [10] [11] . We therefore designed a series of experiments to explore whether the progenitor of origin is also associated with differences in longer-range synaptic connectivity, by focussing on synaptic inputs from the thalamus (Fig. 3 ) and outputs to other cortical layers (Fig. 4) . Previous work has distinguished between 'first' and 'higher' order thalamic nuclei, based on whether the thalamic nucleus is driven primarily by subcortical inputs carrying information from the sensory periphery (first-order) or if the nucleus is driven by 'top-down' cortical inputs and serves as a corticothalamocortical relay (higher-order) 9, 24 . In the somatosensory system, the ventral posterior medial (VPM) nucleus has been described as first-order, carrying lemniscal information to primary somatosensory cortex, whereas the posterior medial (POm) nucleus has been described as higherorder, carrying paralemniscal information 9, [25] [26] . To examine whether progenitor pool is associated with differences in how a cortical neuron receives its thalamic input, we used an optogenetic circuit 5 ). Together, these experiments reveal that progenitor origin not only controls local connectivity in cortex, but also the long-range synaptic inputs.
We next examined the long-range synaptic output of L2/3 pyramidal neurons derived from the different progenitor pools. We focussed on connectivity to L5 of the cortex, as this is a major output for L2/3 neurons within the cortical column 6 . L5 also represents an important target in terms of the routing of excitatory cortical information because its sublayers, L5a and L5b, are associated with different downstream targets 6, [27] [28] , such that axons of L5a pyramidal neurons typically project to other regions of cortex and L5b pyramidal neurons typically project subcortically to regions such as the superior colliculus, pontine nuclei and spinal cord 27 . We expressed ChR2 in either SNP-derived neurons or OP-derived neurons by IUE of either a Cre-ON or Cre-OFF ChR2 plasmid 30 , in combination with the Tα1-Cre plasmid (Fig. 4a) . This enabled us to selectively activate axons from either the SNP-derived population or the OP-derived population in cortical slices. We investigated interlaminar excitatory synaptic output within the same cortical area by performing simultaneous whole-cell patch-clamp recordings from pairs of L5 pyramidal neurons, one of which was in L5a and the other in L5b (Fig. 4b,   c and Extended Data Fig. 6 ) 27 .
When axons from SNP-derived L2/3 neurons were activated optically, we observed a strong tendency Our data show that different progenitor pools can give rise to distinct cortical subnetworks, which are characterised by specific patterns of intralaminar and long-range excitatory synaptic connectivity.
Progenitor identity could underlie similar motifs that have been shown to comprise specific patterns of local and long-range connectivity [1] [2] [3] . By showing that connectivity is influenced by progenitor type, we extend the observation that synaptic connections across cortical layers can form preferentially between sister neurons born from an individual radial progenitor cell 12 Depending upon the progenitor pool from which a neuron is derived, its overall intralaminar connectivity can follow an out-of-class connectivity pattern. Neurons derived from the SNP population of progenitors tend to form intralaminar connections with neurons derived from other types of progenitor. In addition, SNP derived neurons receive more input from a higher-order thalamic nucleus and their output is directed towards L5a and therefore associated with the routing of information to other regions of cortex, rather than subcortical targets. This Data Fig. 6 ). c, L5 sublayers were also delineated post-hoc using VGLUT2 immunofluorescence. d, SNP-derived L2/3 pyramidal neurons showed a strong preference to drive L5a, such that consistently larger amplitude responses were recorded in the L5a pyramidal neuron than in the simultaneously recorded L5b pyramidal neuron. e, In contrast, OP-derived L2/3 pyramidal neurons showed the opposite preference; to drive the L5b pyramidal neuron more than the L5a pyramidal neuron. Error bars indicate standard error of the mean. f, Diagram showing neurons derived from SNPs and OPs are associated with distinct subnetworks in primary somatosensory cortex. Arrows indicate a relative, rather than absolute, bias in connectivity. In contrast to upper cortical layer neurons generated from other progenitors (OP-derived; red), adjacent neurons derived from the SNP population of embryonic progenitors (SNP-derived; green) tend to form intralaminar connections out-of-class, they tend to receive input from a higher-order thalamic nucleus (POm), and their longer-range output is associated with the routing of information to other regions of cortex (via L5a), rather than subcortical targets (via L5b). 
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Methods

Animals
All experiments were carried out on C57/BL6 wildtype mice, which were bred, housed and used in accordance with the UK Animals (Scientific Procedures) Act (1986). Females were checked for plugs daily; the day of the plug was considered embryonic day (E)0.5 and injection of plasmids and in utero electroporation was performed at E12.5 -E16.5.
In utero electroporation
In utero electroporation (IUE) was performed using standard procedures. In short, pregnant females were anaesthetized using isoflurane and their uterine horns were exposed by midline laparotomy. A mixture of plasmid DNA (~1.5 μg/μl) and 0.03% fast green dye was injected intraventricularly using (at E13.5) and 38V (at E12.5) with a BTX ECM 830 pulse generator (Genetronics). Typically around 80% of the pups underwent electroporation. Afterwards the uterine horns were placed back inside the abdomen, the cavity filled with warm physiological saline and the abdominal muscle and skin incisions were closed with vicryl and prolene sutures, respectively. Dams were placed back in a clean cage and monitored closely until the birth of the pups.
Intrathalamic injections
Pups, which had undergone IUE of Tα1-Cre and CβA-FLEx constructs, were used for targeted intrathalamic injection at 2-4 weeks postnatal. Briefly, mice were deeply anaesthetized using isoflurane and placed in a stereotaxic frame (Kopf Instruments). Buprenorphine (0.1 mg/kg) was administered subcutaneously, and EMLA cream was applied to the scalp. An incision was made to expose the skull, bregma was located and then a small craniotomy was performed to expose the neocortex. x 10e12; Boyden, UNC Vector Core) viral suspension was injected over a period of 8 minutes using a pulled glass micropipette (Blaubrand intraMARK). The craniotomy was covered, the skin wound closed with vicryl sutures and the animals were recovered in a heated chamber.
Slice preparation and recording conditions
Acute cortical slices were made from postnatal animals at 3-4 weeks of age, or after 8 weeks of age when an intrathalamic injection had been performed. Animals were aneasthetized with isoflurane and then decapitated. Coronal 350-400 µm slices were cut using a vibrating microtome (Microm HM650V).
Slices were prepared in artificial cerebrospinal fluid (aCSF) containing (in mM): 65 Sucrose, 85 NaCl, 2. Cortical slices were transferred to a recording chamber and continuously superfused with aCSF bubbled with carbogen gas with the same composition as the storage solution (32 °C and perfusion speed of 2 ml/min). Whole-cell current-clamp recordings were performed using glass pipettes, pulled from standard wall borosilicate glass capillaries and containing (in mM): 110 potassium gluconate, 40 HEPES, 2 ATP-Mg, 0.3 Na-GTP, 4 NaCl and 4 mg/ml biocytin (pH 7.2-7.3; osmolarity, 290-300 mosmol/l). Recordings were made using Multiclamp 700A, Multiclamp 700B and Axoclamp 2B amplifiers and acquired using pClamp9 (Molecular Devices) or WinWCP software (University of Strathclyde, UK).
Stimulation and recording protocols
The study of intralaminar connectivity was performed by delivering brief (~5 ms) suprathreshold current injections ( 
Analysis of recordings
Data were analyzed offline using custom written programs in Igor Pro (Wavemetrics). Synaptic connectivity was assessed by averaging the 10-20 sweeps of single spike or trains of spike stimulation and detecting excitatory postsynaptic potentials (EPSPs). These were defined as upward deflections of more than 2 standard deviations (SD) above baseline. The input resistance was calculated by dividing the membrane potential observed after hyperpolarizing the membrane potential with -300 pA current.
The analysis of EPSP kinetics (peak amplitude, duration, rise time and decay time and time) was performed on average synaptic responses. Analysis of optically-evoked excitatory synaptic input to L4 spiny stellate neurons or L5 pyramidal neurons was performed by averaging 10-30 sweeps in which the pre-synaptic ChR2 fibres were activated.
Histological analyses
Following whole-cell patch-clamp recording, the slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Biocytin-filled cells were visualized using streptavidin fluorescentconjugated antibodies and DAB immunohistochemistry was performed using standard procedures.
Slices were co-stained in 1:100,000 DAPI in PBS to facilitate the delineation of cortical layers. Whole- 1 ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± ± Data are given as mean ± SEM, statistical comparsions by t-test 
